Domain inversion is used in a simple fashion to improve significantly the performance of a waveguide electro-optic modulator in z-cut LiNbO 3 . The waveguide arms of the Mach-Zehnder interferometer are placed in opposite domain-oriented regions under the same, narrower and more efficient electrode, so that opposite phase shifts (push-pull effect) can still be achieved despite the arms being subjected to the same electric field. Switching voltages close to 2 V are obtained, which allow 10Gb/s modulation with inexpensive drivers, such as those used for electro-absorption modulators, which deliver driving voltages well below 3V. 6, 69-82 (2000). 2. M. Yamada, N. Nada, M. Saitoh and K. Watanabe, "First-order quasi-phase-matched LiNbO 3 waveguide periodically poled by applying an external electric field for efficient blue second harmonic generation," Appl. Phys. Lett. 62, 5,435-436 (1993).
Introduction
Over the last year the demand of integrated electro-optic LiNbO 3 modulators has been steadily increasing. Current driving voltages for 10 Gb/s are in the 4 to 5 V range in the telecom window centered at 1.55 μm [1] . Transponder makers would benefit from lower driving voltage modulators (<2.7 V) because these would allow the use of the cheaper drivers, designed for electro-absorption modulators (e.g. SiGe based), with a cost savings in the range of $ 100 per transmitter. Higher modulation efficiency (i.e. lower driving voltage-length product) would also allow producing more compact transmitters to be used with standard drivers. In this paper we show how domain inversion (DI) can be exploited to drastically reduce the driving voltage of integrated LiNbO 3 based modulators, down to values well below 3 V, while still keeping bandwidth in excess of 10 GHz. The corresponding switching voltage (measured at low frequency, typically 1 kHz) is close to 2 V. DI in ferroelectrics, such as LiNbO 3 , has been widely exploited in all-optical processes, e.g. quasi-phase-matched second harmonic generation, optical parametric oscillation and WDM frequency conversion [2, 3, 4, 5] . So far its use in electro-optics, where one of the interacting fields is at low or microwave frequency, has been mostly limited to quasi-velocity-matching devices using periodic structures [6, 7] . It has also been exploited to achieve a desired chirp value for the electro-optic modulated output wave from high-frequency and broadband integrated MachZehnder modulators [8] . More recently, domain engineering of z-cut LiNbO 3 structures has been proposed to produce large bandwidth and very low voltage modulators where the pushpull effect in the Mach-Zehnder interferometric structure has been obtained by placing the waveguides in opposite-sign electro-optic coefficient regions (i.e. opposite-oriented domains) and under the same electric field [9] . Hence the optical fields in the two waveguides experience an opposite phase shift despite being subjected to the same electric field. As it was proposed in ref. [9] , the hot travelling wave electrode can either be of Mach-Zehnder type (i.e. it follows the shape of the optical layout) [10] or a single straight electrode as in this work. This is in contrast with previous high frequency modulating structures in single domain crystals where the two waveguides are placed under two different electrodes having different (usually opposite sign) voltages [1] . With respect to previous modulating structures in single domain crystal, the proposed DI symmetric scheme allows to achieve at the same time maximum-efficiency, chirp-free and single-drive operation all at once.
Device concept and comparison with previous approaches
The cross section of the proposed modulator highlighting the working principle is shown in Fig. 1 . Note that there is a silica based buffer layer between the hot electrode and lithium niobate crystal. This layer ensures at the same time low optical loss by keeping the evanescent optical field low in the lossy metal electrodes and velocity matching between the travelling optical and microwave fields.
With respect to previous structures of coplanar waveguide (CPW) modulator [1, 8] the proposed layout offers several advantages as summarised in table 1. Driving voltages (for similar device length) are close to those offered by dual drive structures (two waveguides under two hot electrodes driven by opposite sign voltages), with the advantage of being single drive, hence in the absence of any synchronization issue between two microwave lines. On the other hand the typical single-drive structure in single-domain z-cut has one of the two waveguides under the ground electrode, which induces a lower electro-optic effect due to field spreading compared to the other waveguide under the narrower hot electrode. The result is that the typical driving voltage is about 1.5 times that of a dual-drive structure and 1.4 times that of the proposed geometry. Another complication of single-drive structure in single-domain z-cut is the residual chirp in the phase of the output modulated optical field, which makes it usable only for specific applications. Longitudinal domain inversion can be used to appropriately induce the targeted chirp in single-drive asymmetric structure [8] . Instead in our structure chirp-free operation is a consequence of the symmetry of electrodes with respect to waveguides, so that optical fields travelling in the two Mach-Zehnder arms experience same-amplitude (though opposite in sign) phase shifts. Moreover, pyroelectric effects which are detrimental for thermal stability are reduced by the simultaneous presence of a domain inversion boundary and a symmetric structure (both optically and electrically) [9] . In fact, under temperature variations domain inversion (opposite crystal orientations) causes opposite-sign charges to develop at the interfaces and to produce opposite sign electric fields in the waveguides which tend to cancel each other out, thus reducing thermal drifts.
Design, fabrication and testing
The modulator we have fabricated is a single-drive Mach-Zehnder modulator with an active length of 43 mm. The device is designed according to the previous considerations-see Fig.  1 -where the RF hot electrode is 20 μm thick and 18 μm wide, the gap between it and the ground electrodes is 11 μm, while the thickness of the SiO 2 buffer layer is about 1 μm. According to this geometry, the microwave index and the RF losses are estimated to be n m =2.29 (with a mismatch δ =0.08 between microwave and optical indices) and α 1.3 dB/cm (@10 GHz) respectively. These values were also confirmed by experimental measurements. The optical waveguides were realized through Ti indiffusion (channel-width of 5 μm and inter-axes distance of 12 μm) so that for the fabricated modulator, the optical insertion loss is kept low, typically in the 3 to 4 dB range. High-voltage (>10 kV) pulsed poling is performed after Ti indiffusion on the 0.5-mm thick crystal. Figure 2 shows the top (z-) of the LiNbO 3 structure revealed by etching. The domain-inverted boundary is clearly in the middle of the two Ti indiffused waveguides which are in opposite-domain regions. In fact the process is now developed for a 4" wafer with a thickness of 0.5 mm. The uniformity of poling and waveguides over the full wafer size ensures a high yield (currently 95%) for the overall chip fabrication. Compared to previous work on poled Ti indiffused substrates a breakthrough in our technological approach has been the possibility to induce domain inversion using high voltage pulses after Ti indiffusion without the need of any grinding of the z+ surface [11] . The grinding would otherwise lead to likely breakage of substrates, and is a time consuming process.
In Fig. 3 we show the microwave reflection coefficient (|S11|) and electro-optic response. From Fig. 3 one can see that the electrical reflection is always below -10 dB and the 3 dB electro-optic bandwidth is 10 GHz. 
